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Ginsenoside Rc prevents dexamethasone-induced muscle atrophy and 
enhances muscle strength and motor function
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A B S T R A C T

Background: A decline in muscle mass and function can impact the health, disease vulnerability, and mortality of 
older adults. Prolonged use of high doses of glucocorticoids, such as dexamethasone (DEX), can cause muscle 
wasting and reduced strength. Ginsenoside Rc (gRc) has been shown to protect muscles by activating the PGC-1α 
pathway and improving mitochondrial function. The effects of gRc on muscle atrophy and function in mice are 
not fully understood.
Methods and results: The study discovered that gRc prevented the DEX-induced decrease in viability of C2C12 
myoblasts and myotubes. Furthermore, gRc inhibited myotube degradation and the upregulation of muscle 
degradation proteins induced by DEX. Transcriptome analysis of myotubes showed that gRc enhances muscle 
generation processes while suppressing the TGF-β pathway and oxidative stress response. In mice, gRc effectively 
reversed the reductions in body weight, muscle mass, and muscle fibers caused by DEX. Furthermore, gRc 
significantly enhanced muscle strength and exercise capacity. Docking and transcriptome analyses indicated that 
gRc may act as a competitive inhibitor of DEX at the glucocorticoid receptor, potentially preventing muscle loss.
Conclusion: The study suggests that gRc can prevent DEX-induced muscle wasting and weakness. Consequently, it 
may be a viable treatment option for sarcopenia and muscle-related disorders in various medical conditions.

1. Introduction

In sarcopenia, muscle mass, strength, and function decline with age. 
Sarcopenia affects approximately 20 % of individuals aged 60 and older, 
and over 60 % of those aged 80 and above [1]. Hormonal changes, 
reduced mitochondrial function, inflammation, chronic diseases, and 
medications all contribute to sarcopenia [1–3]. As muscles weaken, 
maintaining independence becomes more challenging. The risks of 
osteoporosis and fractures increase, leading to a harmful cycle of pro-
longed hospital stays, reduced physical activity, and diminished muscle 
function. This not only reduces the quality of life in old age but also 
increases the risk of death. Therefore, enhancing muscle mass, strength, 
and function is essential for preventing and managing sarcopenia [4–6].

Synthetic glucocorticoids (GCs) like as dexamethasone (DEX) 
frequently commonly to treat different various medical conditions 
[7–9]. Prolonged or high-dose use can elevate myostatin, Atrogin1, 

MuRF1, and E3 ubiquitin ligase levels, causing muscle atrophy and 
strength reduction [10,11]. Furthermore, GCs increase the production of 
reactive oxygen species (ROS), impairing mitochondrial function and 
promoting muscle deterioration [12–15]. Therefore, therapeutic stra-
tegies that reduce GC-induced muscle atrophy have important clinical 
implications [11,16].

Ginseng root, scientifically known as Panax ginseng Meyer, is a 
popular herbal remedy with a long history of use in Asian cultures [17]. 
Ginseng contains numerous active components, including over 100 
ginsenosides, with the majority being glycosylated ginsenosides like 
Rb1, Rb2, Rc, Rd, Re, and Rg1 [18]. Ginsenosides possess diverse 
pharmacological properties, including reducing oxidative stress, cancer, 
diabetes, and inflammation, and promoting vasorelaxation [19–21]. 
Several ginsenosides improve muscle strength and prevent muscle 
degradation [22]. In a previous study, we showed that ginsenoside Rc 
(gRc) can inhibit oxidative stress and enhance mitochondrial function 
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by activating the PGC-1α pathway in C2C12 murine muscle cells. 
Furthermore, gRc effectively inhibited myotube degradation and 
myoblast apoptosis induced by oxidative stress. This strongly suggests 
that gRc may be beneficial for treating weakness and muscle atrophy 
[23]. In this study, we investigated whether gRc can reduce 
DEX-induced muscle atrophy and improve muscle strength and function 
in both in vivo and in vitro setting. We analyzed muscle cell gene 
expression profiles and conducted molecular docking studies to under-
stand the mechanism of action of gRc in DEX-induced muscle atrophy.

2. Materials and methods

2.1. C2C12 myoblast cell culture and myotube formation

The C2C12 myoblast cell line (CRL-1772) was obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA) and 
grown in the growth medium (GM), Dulbecco’s Modified Eagle Medium 
containing 4.5 g/L glucose (DMEM), along with 10 % heat-inactivated 
fetal bovine serum (FBS) and penicillin/streptomycin (P/S). To induce 
myotube formation, C2C12 myoblasts were cultured until reaching 
confluency in GM, followed by replacement of GM with differentiation 
medium (DM, DMEM with 2 % horse serum (HS) and P/S). The DM was 
replaced every 2 days for a period of 5–7 days. The cells were cultured at 
a temperature of 37 ◦C in a humidified incubator with 5 % CO2. DMEM, 
FBS, HS, and P/S were all acquired from Thermo Fisher Scientific 
(Waltham, MA, USA).

2.2. Chemicals

gRc (PHL89210, ≥90 % purity), DEX (D4902), dimethyl sulfoxide 
(DMSO; D8418), DEX-water soluble (D2915), resveratrol (Rv, R5010), 
4’,6-diamidino-2-phenylindole (DAPI, D8417), sodium dodecyl sulfate 
(SDS, L3771), methanol (#179337), carboxymethylcellulose (CMC; 
D5678), avertin (T48402), and 10 % formalin solution (HT5012) were 
all obtained from Sigma-Aldrich (St Louis, MO, USA. Neutralized 4 % 
paraformaldehyde (PFA) solution (PC2031-100-00) was acquired from 
Biosesang (Seongnam, Republic of Korea). gRc was dissolved in 100 % 
DMSO (20 mM stock) and stored at − 20 ◦C.

2.3. Assays for cytotoxicity in myoblasts and myotubes

To evaluate the cytotoxic effects on myoblasts, a total of 5000 cells 
were seeded in each well of a 96-well culture plate. The cells were 
allowed to grow overnight and subsequently exposed to gRc, DEX, or a 
vehicle solution containing 0.1 % DMSO for 24 h. The cell viability was 
assessed using the EZ-Cytox Enhanced Cell Viability Assay Kit (Daeil Lab 
Service Co., Ltd., Seoul, Republic of Korea) and a SpectraMax3 micro-
plate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). To assess 
the cytotoxic effects on myotubes, cells differentiated for 5 days 
(referred to as DD5) were treated with gRc, DEX, or a vehicle for 24− 48 
h. Following treatment, the cells were stained with a crystal violet so-
lution (0.2 % crystal violet in 20 % methanol) and quantified as 
described previously [23]. To examine the influence of gRc on DEX 
stimulation, the cells were pretreated with gRc for 12 h, and then treated 
with DEX.

2.4. Immunoblotting analysis

Whole cell lysates were extracted using the M-PER Mammalian 
Protein Extraction Reagent (#78501, Thermo Fisher Scientific). Muscle 
tissues were homogenized using the T-PER Tissue Protein Extraction 
Reagent (#78510; Thermo Fisher Scientific) and PreCellys instrument 
(Bertin Instruments, Montigny-le-Bretonneux, France). After deter-
mining the protein concentration using bicinchoninic acid assay 
(#23227; Thermo Fisher Scientific), proteins (25 μg per lane) were 
subjected to immunoblotting as described previously [23]. Protein 

levels were quantified using ImageJ software (National Institute of 
Health, USA), and the relative intensities of bands calculated after 
normalization to the β-actin value. Anti-myosin heavy chain (MyHC, 
MAB4470) and anti-muscle atrophy F-box (MAFbx/Atrogin1, 
ab168371) antibodies were obtained from R&D Systems (Minneapolis, 
MN, USA) and Abcam (Cambridge, UK), respectively. Antibodies against 
muscle ring-finger protein-1 (MuRF1, sc-398608) and β-actin (sc-47778) 
were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (#7076) and 
anti-rabbit IgG (#7074) were obtained from Cell Signaling Technology 
(Beverly, MA, USA).

2.5. Immunofluorescence staining for myosin heavy chain (MyHC)

The DD5 myotubes that were differentiated on glass bottom dishes 
(SPL Life Sciences, Pocheon, Republic of Korea) were pretreated with 
gRc for 12 h, subsequently exposed to 200 μM DEX for 48 h. Then, cells 
were subjected to immunofluorescence staining for MHC as described 
previously [23]. The fusion index and myotube length were evaluated in 
ten representative images per group using ImageJ software. The fusion 
index was calculated by dividing the number of nuclei in multinucleated 
cells by the total number of nuclei, and then multiplying by 100.

2.6. Dexamethasone-induced muscle atrophy experiments using C57BL/ 
6N mice

Eight-week-old male C57BL/6N mice (OrientBio, Seongnam, Re-
public of Korea) with an average body weight of 22–24 g were housed in 
a specific pathogen-free animal laboratory facility with controlled con-
ditions (22 ± 2 ◦C, 45 ± 10 % humidity, and a 12-h light-dark cycle). 
After 7 days, the mice were divided into five groups (n = 10 per group). 
Water-soluble DEX was dissolved in sterile PBS, while gRc and Rv were 
resuspended in sterile 0.5 % CMC in PBS. Starting from day 1 (D1), mice 
were administered daily intraperitoneal (i.p.) injections of PBS (Group 
1, normal control) or 25 mg/kg DEX (Groups 2–5) to induce muscle 
atrophy, as per established protocol [24,25]. After 30 min, the mice 
received daily oral administration of gRc at 5 mg/kg (Group 3) or 10 
mg/kg (Group 4). The positive control group (Group 5) received Rv 
(150 mg/kg) [25], and Groups 1 and 2 received PBS instead of gRc. The 
mice were weighed every day for 10 days. On day 11 (D11), mice were 
euthanized through i.p. injection of 2 % avertin in PBS (240 mg/kg). The 
gastrocnemius (GA), soleus (SO), and tibialis anterior (TA) muscle tis-
sues were removed, weighed, snap-frozen on dry ice, and then stored at 
− 80 ◦C. Experimental procedures were reviewed and approved by the 
Institutional Animal Care and Use Committee of the Korea Institute of 
Oriental Medicine (approval No: 22–068; approval Date: July 27, 2022). 
Animal studies were carried out in compliance with the regulations 
outlined in the Care and Use of Laboratory Animals guidelines estab-
lished by the Ministry of Food and Drug Safety in the Republic of Korea.

2.7. Grip strength test and rotarod test

The maximal peak grip strength and coordinated muscle activity of 
mice were evaluated using a digital grip strength meter (DJ-356; Dae-
jong Instrument Industry Co., Seoul, Republic of Korea) and a rotarod 
instrument (ROTA-ROD, B.S Technolab INC, Seoul, Republic of Korea) 
according to the established protocol [26].

2.8. Histological analysis of muscle tissues

PFA-fixed skeletal muscles were embedded in the Tissue-Tek OCT 
Compound (#4583; Kakura Finetek, Torrance, CA, USA). Muscle slices 
with a thickness of 10 μm were prepared on a positively charged mi-
croscope slide and stained with hematoxylin and eosin (H&E). At a 
magnification of 20 × , digital images were obtained, and cross-sectional 
areas (CSAs) of at least 100 muscle fibers were quantitatively measured 
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using ImageJ with a cross-sectional analyzer plugin.

2.9. Acquisition and preprocessing of RNA sequencing data

Total RNA (over 1 μg) was extracted from C2C12 myotubes using 
Maxwell method (Promega). The mRNA sequencing libraries were pre-
pared with the MGIEasy RNA Directional Library Prep kit 
(#1000006386; MGI Tech, Shenzhen, China). The cDNA was then pre-
pared for sequencing by adding ‘A’ bases, ligating adapters, and per-
forming PCR enrichment. The library was quantified using QauntiFluor 
ONE dsDNA System (Promega), followed by circularization, digestion, 
and cleanup. DNA nanoballs (DNB) were quantified by QauntiFluor 
ssDNA System (Promega) and sequenced on the MGIseq system (MGI) 
with 100 bp paired-end reads. The quality of sequencing reads was 
assessed using FastQC (v0.11.9). The MGISEQ adapter sequences and 
low-quality base pairs were removed using TrimGalore (v0.6.6). The 
trimmed reads were then aligned to the mouse reference genome 
(GRCm39) using STAR (v2.7.9a) with default settings [27]. Expression 
levels, such as expected read count or transcript per million (TPM) per 
gene, were quantified using RSEM (v1.3.3) along with the GRCm39.104 
gene annotation [28].

2.10. Differential gene expression and functional enrichment analysis

In C2C12 myotube samples, a Wald test statistic implemented in 
DESeq2 package in R was employed to measure the degree of differential 
expression in the two groups for each gene, providing a log2 fold-change, 
p-value, adjusted p-value [29]. Subsequently, gene set enrichment 
analysis (GSEA) was performed on all genes, ranked by their Wald test 
statistics [30]. GSEA utilizes well-curated gene sets, those available from 
the MSigDB (https://www.gsea-msigdb.org/gsea/msigdb), to identify 
biological pathways significantly enriched with genes exhibiting altered 
expression between groups.

2.11. Molecular docking analysis

The chemical structures of DEX were collected from the PubChem 
database [31]. Since the 3D structure of gRc is not provided in the 
PubChem database, we used the 3D sdf structure information provided 
by the Human Metabolome Database [32]. The structural and functional 
information of the glucocorticoid receptor (GR, entry number: P04150, 
Gene Symbol: NR3C1) was verified in the UniProt database [33]. 
Additionally, the 3d sdf structure information of GR was collected from 
the AlphaFold 2.0 database [34]. DEX, gRc and GR were converted to 
PDBQT file format using OpenBabel software (v3.1.1) [35]. Binding 
affinity calculations from molecular docking were performed using 
AutoDock Vina (v4.2.6) [36], and the parameters were set as follows: 
exhaustiveness = 100; center = [0, 0, 0], box size = [126,126,126]. All 
other variables used default settings. In the docking analysis of GR and 
DEX, three prediction results with low binding affinity were visualized, 
and in the docking analysis of GR and gRc, one case with the lowest 
binding affinity was visualized. 3D secondary structures and 2D dia-
grams were visualized using Discovery Studio Visualizer (v21.1.0.20), 
and 3D molecular surfaces to find interacting pores were visualized 
using AutoDockTools (v1.5.6). The nuclear receptor (NR) 
ligand-binding domain (LBD) of GR was searched in the UniProt Data-
base and compared with the interaction sites in the visualized data.

2.12. Statistical analysis

The data was analyzed using R software version 4.2.2 and GraphPad 
Prism 9.5.1. (GraphPad Software, San Diego, CA, USA). The data values 
are shown as the means with standard error of the mean (SEM) from 
several experiments. The variance in group comparisons was assessed 
through one-way analysis of variance (ANOVA) and subsequently veri-
fied using Dunnett’s multiple comparison test. Statistical significance 

was determined at a threshold of p < 0.05.

3. Results

3.1. gRc alleviates DEX-induced cytotoxicity in C2C12 myoblasts and 
myotubes

Fig. 1A shows the chemical structure of gRc. To examine the pro-
tective effects of gRc on muscle cells, we first determined the viability of 
C2C12 myoblasts and myotubes after gRc and DEX. At concentrations up 
to 20 μM, gRc did not show any cytotoxic effects on myoblasts or 
myotubes. Instead, it slightly increased their viability, consistent with 
previous findings [23]. In addition, 0.1 % DMSO (vehicle) had no effect 
on cell viability or morphology (Fig. 1B). As previously reported [25], 
DEX at 200 μM decreased the viability of myoblast and myotube by 
approximately 45 % and 35 %, respectively (Fig. 1C). Therefore, we 
used 200 μM DEX to induce cell damage and gRc concentrations of up to 
20 μM to assess its protective effect. As shown in Fig. 1D, DEX signifi-
cantly inhibited myoblast proliferation and induced myotube degrada-
tion. However, cells pretreated with gRc recovered from DEX-induced 
damage to levels similar to those of the control cells. Cell viability 
analysis showed that gRc significantly increased the viability of myo-
blasts and myotubes (Fig. 1E).

3.2. gRc inhibits DEX-induced degradation of C2C12 myotubes

We assessed gRc’s potential protective properties against DEX- 
induced muscle atrophy in C2C12 myotubes. As depicted in Fig. 2A, 
immunofluorescence staining confirmed high MyHC levels in normal 
myotubes, with the majority containing more than 10 nuclei. The 
decrease in MyHC expression caused by DEX was mitigated by pre-
treatment with gRc, maintaining levels similar to control myotubes. 
Control myotubes usually exhibit a fusion index of approximately 70 %. 
However, the DEX reduced it by 40 % and decreased myotube length by 
approximately 77 %. Pretreatment with gRc maintained the fusion index 
similar to control myotubes and preserved myotube length at 70–87 % 
of the control length, even with DEX treatment (Fig. 2B and C). Immu-
noblotting analysis showed that DEX significantly reduced MyHC 
expression and increased levels of the muscle-degrading proteins 
Atrogin-1 and MuRF1. Pretreatment with gRc effectively reduced the 
DEX-induced decrease in MyHC and increase in Atrogin-1 and MuRF1 
expression (Fig. 2D).

3.3. gRc reverses the muscle atrophy-related pathways activated by DEX

To explore how gRc protects against DEX-induced muscle atrophy in 
C2C12 myotubes, we analyzed RNA-Seq data from DEX-treated C2C12 
myotubes with and without gRc pretreatment. Differential gene 
expression analysis showed a dose-dependent effect, with higher gRc 
leading to more significant changes in gene expression (Fig. 3A). GSEA 
showed that gRc significantly improved protection against DEX-induced 
muscle atrophy at the pathway level (Fig. 3B and C). Pretreatment with 
gRc increased the expression of genes related to muscle development, 
including those involved in myogenesis, the mTORC1 signaling 
pathway, and PGC-1α and ERRα target genes. Conversely, gRc sup-
pressed genes linked to the TGF-β signaling pathway, which hinders 
muscle development. Furthermore, it seemed to safeguard muscle cells 
by reducing the apoptotic signaling pathway and oxidative stress 
response. gRc significantly increased the expression of genes related to 
mitochondrial function, such as the mitochondrial membrane protein 
complex, cellular respiration, oxidative phosphorylation, energy pro-
duction, and ATP synthesis. Additionally, we compared the pathways 
affected by gRc under DEX-induced and H2O2-induced conditions, as 
detailed in our previous study [23], to further investigate its common 
protective mechanisms (Supplementary Fig. S1A). Despite different 
stressors, gRc consistently boosted pathways related to mitochondrial 
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function, oxidative phosphorylation, and ATP synthesis in both condi-
tions (Supplementary Fig. S1B). Furthermore, gRc consistently reduced 
apoptotic signaling and TGF-β signaling pathways in both models 
(Supplementary Figs. S1B and S1C). These findings suggest that the core 
mechanisms by which gRc exerts its muscle-protective effects are pre-
served regardless of the specific type of stress encountered. Within these 
pathways, gRc significantly upregulated the expressions of several 
genes, including Ak4 (adenylate kinase 4), BNIP3 (Bcl-2 interacting 
protein 3), Ckmt2 (mitochondrial creatine kinase), and Mb (myoglobin) 
(Supplementary Fig. S2).

3.4. Oral administration of gRc improves body weight, grip strength, and 
motor function in mice with DEX-induced muscle atrophy

To investigate the effect of gRc on DEX-induced muscle atrophy, a 
group of 8-week-old male C57BL/6 mice were subjected to intraperi-
toneal injections of DEX. Following this, the mice were administered 
with either gRc or Rv for a duration of 10 days (Fig. 4). The mice in 
Group 2 (DEX + vehicle) showed a gradual body weight loss throughout 
the experiment, similar to previous studies [15,25]. In Group 3 (DEX +
5 mg/kg gRc), body weight slightly increased compared to Group 2 until 
day 5, but not after that. The Group 4 (DEX +10 mg/kg gRc) and Group 
5 (DEX + 150 mg/kg Rv) exhibited significantly reduced weight loss 
compared to Group 2 throughout the experiment (Fig. 4B). After the 
DEX injection, there was a notable 8.5 % decrease in body weight over 
time. The weight loss caused by DEX was restored by 4.6 % and 5.6 % 
after treatment with gRc (10 mg/kg) and Rv (150 mg/kg), respectively 
(Fig. 4C). To evaluate the impact of gRc on muscle strength, grip 
strength on day 9 was analyzed. The Group 2 exhibited a notable decline 
in grip strength, around 40.8 % lower than Group 1. The decrease in grip 
strength induced by DEX was fully reversed in the groups treated with 

gRc and Rv, restoring their grip strength to the level of control mice 
(Fig. 4D). To evaluate the impact of gRc on motor coordination, the 
rotarod test was conducted on day 10. Repeated DEX injections signif-
icantly reduced motor coordination, leading to a 50 % shorter stay on 
the rotarod (82.57 s) compared to control mice (164.40 s). Conversely, 
mice given 5 and 10 mg/kg gRc showed improved motor coordination, 
achieving 93.3 % (153.41s) and 79.99 % (131.5 s), respectively, 
compared to controls. The group treated with Rv showed a recovery rate 
of 91.9 % (151.10 s) compared to the control value (Fig. 4E). The two 
behavioral assessments provide strong evidence that gRc has the po-
tential to mitigate muscular dysfunction caused by DEX in experimental 
mice.

3.5. Oral administration of gRc reduces muscle loss, atrophy, and 
degradation caused by DEX injection

Considering that DEX-induced muscle dysfunction was alleviated by 
gRc administration, we further investigated whether this effect was 
associated with the inhibition of muscle loss and muscle atrophy. On the 
11th day, the weights of GA, SO, and TA muscles were measured, and 
their diameters were recorded. Supplementary Fig. S3 displays repre-
sentative photographs of muscle tissues. DEX reduced the weight and 
diameter of the GA, SO, and TA. After administering gRc and Rv to DEX- 
treated mice, there were slight increases in the weights of all three 
muscles (Fig. 4F). In addition, gRc and Rv mitigated the DEX-induced 
decrease in muscle diameter, with the most significant impact in the 
GA (Fig. 4G). Muscle sections were stained with H&E to assess the 
impact of gRc on myofiber size, and CSA was measured using a standard 
protocol [25,37]. Representative images of cross-sectional myofibers are 
displayed in Fig. 5A. The DEX group showed reductions of approxi-
mately 32.0 %, 28.6 %, and 42.2 % in the mean CSA of the GA, SO, and 

Fig. 1. Effects of gRc on the cytotoxic effects induced by DEX in C2C12 myoblasts and myotubes. (A) The chemical structure of ginsenoside Rc (gRc). (B, C) 
Myoblasts or myotubes were treated with gRc (B) or DEX (C). Relative cell viability was presented as the means ± SEM (n = 3). (D, E) Myoblasts or myotubes 
pretreated with gRc were incubated with DEX. Changes in cell morphology were observed under an inverted microscope (D), and the relative cell viability was 
expressed as the means ± SEM (n = 3) (E). Scale bar = 100 μm *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle-treated cells, ###p < 0.001 vs. DEX + vehicle- 
treated cells.
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TA, respectively, compared to the control group. The administration of 
10 mg/kg gRc restored the CSA of the GA, SO, and TA to 84.4 %, 90.8 %, 
and 76.8 % of the controls, respectively. The administration of Rv 
restored the CSA of GA, SO, and TA to 103.1 %, 91.8 %, and 78.9 % of 
the control levels, respectively (Fig. 5B). In the control group, the fre-
quency of CSA distribution was around 25.8 % for the range of 200–600 
μm2 and 74.2 % for the range of 600–2000 μm2 (Fig. 5C, Supplementary 
Fig. S4). After DEX injection, the proportions changed to approximately 
52.2 % and 47.8 %, respectively. In the groups given 5 and 10 mg/kg 
gRc, the frequency for the 200–600 μm2 range was approximately 23.3 
% and 24.5 %, respectively, while for the 600–2000 μm2 range, it was 
about 76.7 % and 75.5 %. The group that received Rv showed a similar 
trend to the control group, with 18.4 % in the 200–600 μm2 range and 
81.7 % in the 600–2000 μm2 range. As gRc and Rv protected against 
DEX-induced muscle atrophy, we examined their impact on muscle 
degradation-related proteins in muscle tissues. In mice treated with 
DEX, the levels of Atrogin-1 and MuRF1 were significantly higher than 
in control mice. The administration of gRc and Rv significantly reduced 
the expression of Atrogin-1 and MuRF1 (Fig. 5D and E). We then 
measured the LDH activity in serum, an indirect blood marker of muscle 
damage. In the DEX group, the level was significantly higher at 3601 
mU/mL compared to the control group at 2126 mU/mL. Conversely, 
groups treated with gRc and Rv showed decreased levels similar to the 
control group (Fig. 5F). These findings show that gRc effectively reduces 
DEX-induced weight loss and muscle damage, lessens muscle atrophy, 
and preserves muscle function.

3.6. gRc binds to GR in molecular docking analysis

In a molecular docking, the binding affinity between DEX and GR 

was calculated to be − 7.4 kcal/mol, and the binding affinity between 
gRc and GR was calculated to be − 9.4 kcal/mol, indicating that the 
interaction potential of gRc is higher than that of DEX (Fig. 6). In the 3D 
secondary structure, both compounds were predicted to interact with 
the NF LBD at the same position. In particular, gRc interacts in a wider 
range than DEX, and included all two sites out of DEX binding site 
candidates (Supplementary Fig. S5). In the 2D diagram, it was confirmed 
that the two compounds were interacting at the amino acid sequence at 
position 585. On the 3D molecular surface, both compounds were 
observed to interact within the pore of the LBD region of GR. To 
strengthen our findings from the docking analysis, we conducted addi-
tional analyses to explore the interaction between gRc and the GR 
pathway. GSEA results show significant downregulation of the GR 
pathway by gRc treatment under DEX conditions (Supplementary Fig. 
S6A). Network analysis also identifies specific target genes within the 
GR pathway inhibited by gRc treatment (Supplementary Fig. S6B).

4. Discussion

Sarcopenia, the loss of muscle mass and strength, is prevalent in 
older adults and linked to aging, cancer, cardiovascular diseases, and 
specific medications [1–3,5]. Prolonged exposure to high levels of GC in 
skeletal muscle decreases protein synthesis and increases proteolysis, 
resulting in muscle atrophy [11]. Muscle atrophy triggers proteolytic 
systems that degrade contractile proteins in muscle tissue, leading to a 
decrease in muscle size. Several growth factors, like insulin-like growth 
factor-1 (IGF-1) and myostatin, regulate muscle development and play a 
role in the impact of GCs on muscle mass and function. Various nutri-
ents, like omega-3 fatty acids, vitamins, and amino acids, can help 
prevent muscle atrophy caused by GC [14,15,24,38,39]. However, 

Fig. 2. Effects of gRc on DEX-induced myotube degradation. (A) Myotubes pretreated with gRc were treated with DEX, and then stained for MyHC (green) and nuclei 
(blue). Scale bar = 200 μm. The fusion index (B) and myotube length (C) were presented as the mean ± SEM (n = 7). (D) The protein levels of MyHC, Atrogin-1, and 
MuRF1 in myotubes were determined by Immunoblotting. ***p < 0.001 vs. vehicle-treated cells, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DEX + vehicle- 
treated cells.
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Fig. 3. Pathway analysis in C2C12 myotubes. (A) Differential gene expression analysis was conducted on transcriptome data from DEX-treated C2C12 myotubes with 
or without the pretreatments of gRc 10 μM (gRc-10) and 20 μM (gRc-20). Significance was determined by a fold-change (FC) of 1.2 and an adjusted p-value (Padj) of 
0.05. (B) Gene set enrichment analysis (GSEA) highlighting enriched terms related to muscle generation, degradation, and mitochondrial function. (C) GSEA plots of 
enriched terms after pretreatments of gRc-20 in DEX-treated C2C12 myotubes. *, Padj <0.05; **, Padj <0.01; NES, normalized enrichment score.
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clarification is needed to develop clinically effective treatments for 
muscle atrophy induced by GC.

Exposure to DEX increases ROS production, causing mitochondrial 
dysfunction and muscle fiber degradation [7,11]. We consistently 
observed that DEX induced the breakdown of muscle proteins like MyHC 

and reduced mitochondrial mass in C2C12 myotubes. In a similar 
manner to the C2C12 in vitro model, DEX led to weight loss and 
decreased muscle fiber size and muscle function in the in vivo experi-
mental mice. In both in vitro and in vivo model of DEX-induced muscle 
atrophy, Jakyak-gamcho-tang (JGT) counteracted the effects of DEX by 

Fig. 4. Effects of gRc on muscle function and muscle mass in mice with DEX-induced muscle atrophy. (A) Scheme of the experiment. (B) The relative body weight 
compared to that of D1 was expressed as the means ± SEM (n = 10). (C) The final body weight change on D9 compared to the weight on D1 was presented as the 
means ± SEM (n = 10). (D) On D9, forelimb grip strength tests were performed. Grip strength was determined by dividing the force (N) by the body weight (grams) 
and expressed as the means ± SEM (n = 10). (E) On D10, the duration of time until falling off the rotarod apparatus was measured and expressed as the means ± SEM 
(n = 10). (F) The weight of GO, SO, and TA muscles were expressed as the means ± SEM (n = 10). (G) Muscle diameter was measured and expressed as the means ±
SEM (n = 5). **p < 0.01, ***p < 0.001 vs. vehicle-treated cells, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DEX + vehicle-treated cells.
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Fig. 5. Effects of gRc on myofibers and muscle degrading proteins in mice with DEX-induced muscle atrophy. (A) Images of cross-sectional myofibers were presented. 
Scale bar = 200 μm. (B) The CSA of muscle fibers was expressed as the means ± SEM (n = 5). (C) The frequency of CSA distribution was measured. (D–E) The protein 
levels of Atrogin-1 and MuRF1 in the TA muscles were determined by immunoblotting. Data are expressed as the means ± SEM (n = 3). (F) The LDH activity in sera 
are presented as the means ± SEM (n = 7–8). *p < 0.05, ***p < 0.001 vs. vehicle-treated cells, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DEX + vehicle-treated cells.
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preserving mitochondrial function, inhibiting muscle protein break-
down, and activating muscle-enhancing pathways. JGT enhances mus-
cle strength and motor function, showing promise in preventing muscle 
atrophy caused by GC [25]. Additionally, it was reported that gRc pro-
tects muscle cells from oxidative stress and improves mitochondrial 
function by activating the PGC-1α pathway [23]. This research aimed to 
determine if gR can reduce DEX-induced muscle loss and weakness in 
both in vitro and in vivo muscle atrophy models.

This study showed that gRc effectively reduced the negative impact 
of DEX on both myoblasts and myotubes. In myotubes, the fusion index 
and tube length were maintained at levels similar to the normal group 
(Figs. 1 and 2). Transcriptome analysis of C2C12 myotubes revealed 
molecular mechanisms inversely regulated by gRc during DEX treat-
ment, elucidating gRc’s protective effects against DEX-induced muscle 
damage (Fig. 3). In a prior study, we analyzed muscle atrophy induced 
by H2O2 and DEX. H2O2 causes oxidative stress by generating ROS, 
damaging cells, while DEX affects cells by generating ROS and 

modulating pathways, leading to muscle atrophy [7,11,23]. We found 
limited overlap in pathways regulated by gRc between H2O2 and DEX 
conditions. (Supplementary Fig. S1A). However, common pathways 
modulated by gRc suggest consistent core mechanisms of muscle pro-
tection across conditions (Supplementary Figs. S1B and S1C). We 
discovered that gRc upregulates genes like Ak4, BNIP3, Ckmt2, and Mb 
in DEX-treated C2C12 myotubes (Supplementary Fig. S1). Ak4, encod-
ing adenylate kinase 4, is involved in the mTORC1 signaling pathway, 
cellular respiration, and mitochondrial function. It helps reduce 
DEX-induced ROS and protects cells from oxidative stress [40]. BNIP3, 
associated with mitochondrial organization and energy production, has 
been shown to reduce muscle inflammation and atrophy [41]. Ckmt2, a 
target gene of ERRα and PGC-1α pathways, encodes mitochondrial 
creatine kinase, enhancing mitochondrial respiration [42]. Mb, encod-
ing myoglobin, is essential for storing and transporting oxygen from the 
cell membrane to mitochondria. These genes, upregulated by gRc, may 
counteract the effects of DEX and help protect muscles. Additional 

Fig. 6. Results of docking analysis on GR protein using DEX and gRc. The left column predicts the interaction between GR and DEX, while the right column predicts 
the interaction between GR and gRc. The structures can be visualized from the top in 3D secondary structure, 2D diagram, and 3D molecular surface. Yellow circles 
indicate the location where the compound interacts or the pore it interacts with. The ligand-binding domain (LBD) binds the ligand, and both compounds interact in 
this region.
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research is required to identify the main pathways through which gRc 
protects muscles against DEX, considering the various pathways 
involved in regulating muscle atrophy [43,44].

In an experimental mouse model, oral administration of 10 mg/kg 
gRc restored the body weight to a level similar to the positive control, 
Rv. gRc significantly improved muscle strength and exercise capacity 
that had been reduced by DEX, bringing them to levels similar to those of 
the control group. The administration of gRc effectively suppressed 
DEX-induced muscle atrophy, as confirmed by muscle cross-section 
analysis. Furthermore, gRc effectively reduced the LDH in blood and 
muscle breakdown proteins in muscle tissues (Figs. 4 and 5). The study 
showed the in vivo effectiveness of gRc in protecting against DEX- 
induced muscle damage. Finally, docking analysis was conducted on 
DEX, known to induce muscle atrophy by acting as a GR agonist, and 
gRc, which experimental results indicated prevents this. The analysis 
showed that gRc has a higher binding affinity than DEX at the same site 
(Fig. 6), suggesting gRc’s potential as an antagonist and competitive 
inhibitor of DEX. This finding was supported by GSEA, indicating the 
downregulation of the GR pathway by gRc. However, it is important to 
note that these in silico analyses are not definitive. Biochemical assays, 
like the PolarScreen™ Glucocorticoid Receptor Competitor Assay Kit, 
are necessary to confirm the competitive inhibition hypothesis. Future 
research will combine these assays to comprehensively validate gRc’s 
interaction with the GR pathway.

Our research suggests that gRc may protect against weight loss and 
muscle atrophy induced by DEX. This is accomplished by regulating 
molecular signals that aid in preserving muscle mass, reducing muscle 
protein breakdown, and enhancing muscle synthesis.

5. Conclusion

Overall, the findings suggest that gRc has broad protective effects in 
different stressful situations, showcasing its adaptability and potential 
therapeutic advantages for muscle-related disorders.
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